In many taxa, the left and right testes often differ in size. The compensation hypothesis states that one testis of the pair serves as a 'back-up' for any reduced function in the other and provides a mechanism to explain intraspecific variation in degree and direction of gonad asymmetry. Although testis asymmetry is common in birds, evidence for natural testis compensation is unknown. Using a novel quantitative approach that can be applied to any bilateral organ or structure, we show that testis compensation occurs naturally in birds and can be complete when one testis fails to develop. Owing to a recurrent risk of testis impairment and an evolutionary trade-off between natural and sexual selections acting on the arrangement of internal organs in species with abdominal and /or seasonal testes, compensation adds an important, but neglected, dimension to measures of male reproductive investment.
INTRODUCTION (a) Interspecific variation in testis asymmetry
Testes asymmetry is widespread in nature, and it is particularly common and often pronounced in birds (e.g. Newton 1896; Romer 1971; Lake 1981 ). One of the major unresolved issues in vertebrate zoology is why the two testes of a given male often differ in size and/or shape. Avian gonads are located internally and in most species show marked seasonal changes in size, following an annual cycle of growth and regression (Lofts & Murton 1973; reviewed in Briskie & Montgomerie 2007) . A common situation in avian taxa is that the testis on one side, often the left, develops to be larger than the other (Lake 1981; Briskie & Montgomerie 2007) . Several hypotheses have been proposed to explain the left-biased testis asymmetry, but very few explain right-biased or lack of asymmetry in certain species. One exception (Newton 1896; Witschi 1935 ) is what we refer to as the packaging hypothesis (PH), a hypothesis that states that asymmetry in male gonads might reflect space constraints within the male body cavity; some organs, such as the liver and the gizzard, are positioned asymmetrically and may restrict the space available for the growth of each testis. Differences in the degree and/or direction of asymmetry across species might therefore reflect interspecific differences in the relative (external or internal) selection pressures on body cavity arrangement. Comparative studies are needed to investigate the relative role of the PH or other potential evolutionary explanations for interspecific differences in testis asymmetry.
(b) Intraspecific variation in testis asymmetry
The degree and/or direction of testis asymmetry also varies within a species. For example, in some species where directional asymmetry in testis size is the norm, the extent of this asymmetry is greater in older birds (e.g. Birkhead et al. 1997; Merilä & Sheldon 1999; Graves 2004) . The concept of compensatory organ growth in bilaterally symmetric internal organs, for which there is good evidence in the medical literature (e.g. Stocum 2006) , could provide an adaptive mechanism for the observed intraspecific variation in testis asymmetry. The compensation hypothesis (hereafter referred to as CH) states that one testis may grow more than it would be expected in order to compensate for a reduced function in the other gonad. Taken together, the packaging and compensation hypotheses suggest an evolutionary trade-off between natural and sexual selection pressures: intense postcopulatory sexual selection for larger testes that need to be accommodated within an already space-restricted body cavity. Assuming a link between morphological (i.e. size) and physiological (e.g. sperm production; de Reviers & Williams 1984; Møller 1988 Møller , 1989 Tuttle & Pruett-Jones 2004 ; but see Schärer & Vizoso 2007) compensation, deviations in the degree and /or direction of asymmetry in testis size from the species-specific pattern might therefore reflect individual adaptation. In addition, these deviations might be costly in terms of gametic traits and consequently individual post-copulatory reproductive success (e.g. Lifjeld et al. 2007; Urbach et al. 2007 ).
(c) The compensation hypothesis in birds To date, evidence for testis compensation in birds comes from two quite different approaches: (i) unilateral castrations and (ii) correlations between absolute testis asymmetry and male quality. The first mention in the literature of the CH in birds is a study by Benoît (1925) , who performed unilateral castrations in a small sample of domestic fowl (Gallus domesticus) to investigate whether the remaining testis showed hypertrophy, as had previously been found in mammals (Ribbert 1890) . In a subsequent and more comprehensive study, Domm & Juhn (1927) defined compensatory hypertrophy as whenever the 'loss [of one testis of the pair] results in stimulating the growth of the surviving member to an extent that tends to restore a normal quantitative balance between the total gonad tissue and the bird' (Domm & Juhn 1927, p. 460) . In other words, compensation occurs when the single retained testis grows to the size normally achieved by two gonads combined. Domm & Juhn's (1927) work showed that compensation can be complete, and it occurs in all ages and irrespective of side. Owing to the extreme nature of their experiment (surgical removal of one testis), the relevance of both Benoît's (1925) and Domm & Juhn's (1927) studies to unmanipulated birds is unknown. Also, the complete ablation of one testis might not mimic the situation in the wild and it remains largely unknown whether, and to what extent, males with a single testis, instead of the usual pair, occur in nature (cf. Riddle 1918 Riddle , 1925 . The only welldocumented example of naturally occurring single gonad is the pattern within some coucal species (Centropus spp.) where the left testis is absent or severely atrophied in all males (e.g. Rand 1933; Ligon 1997; Goymann & Wingfield 2004) . However note that the definition of compensation used in the current study (see §2) precludes scenarios of extreme asymmetry when the latter is a species-wide phenomenon, as in coucals, and instead reflects deviations from what is the normal (a)symmetry pattern for a given species.
The concept of testis compensation was used more recently in a study by Møller (1994) : in two passerine species, males with larger secondary sexually selected traits, and hence assumed to be of higher quality, had more asymmetric testes than other males. This result was explained with reference to the CH, whereby it was suggested that the more symmetric testes of low-quality individuals constituted evidence for the (successful) compensatory 'back-up' function of the right testis, which was the smaller of the pair in both species studied (Møller 1994) . By documenting within-species variation in testis asymmetry, this study provided the first qualitative and indirect evidence of natural testis compensation in wild populations. Although Møller's (1994) objective was not to test the CH, several subsequent studies examined the association between male quality and testis asymmetry, and sometimes interpreted it with reference to the CH (see table S1 in the electronic supplementary material). However, this correlational approach provides only a very indirect and limited test of the CH for it relies on at least five assumptions. First, it can be used only in taxa that show directional testis asymmetry and for which data on male quality are available, since the relationship between these two variables provides the basis for the test. Second, this analysis fails to control for differences between males in total testes size: it does not distinguish between males with two equally large or two equally small testes (i.e. highsymmetry cases). Moreover, absolute testis asymmetry is further confounded by seasonality, and males with more symmetric testes might simply be at an earlier growth or later regressive stage of the cycle. The use of relative asymmetry (e.g. Birkhead et al. 1997 Birkhead et al. , 1998 , however, eliminates this potential confounding factor, as there is no relationship between relative asymmetry and combined testis size during the testis cycle (see figure S1 in the electronic supplementary material). Third, Møller's (1994) interpretation of the CH assumes that the left testis of the pair (as the larger) has the major functional role and that the right testis (as the smaller) serves as back-up. Although difficult to test, two indirect methods have been used to check this assumption: (i) if the smaller testis is a constant proportion of the larger, the smaller testis cannot serve as a compensatory back-up (Birkhead et al. 1998) and (ii) the testis with the back-up function will be more variable in size (Kimball et al. 1997) . Note that method (i) can be used only in species with directionally asymmetric testes. Fourth, it is implicitly assumed that only low-quality males show testis compensation. Fifth, the correlational method can ultimately provide only a qualitative assessment of the CH. Considering these various assumptions, it is not surprising, therefore, that the existing evidence for natural compensation in testis size in wild birds is unclear (summarized in table S1 of the electronic supplementary material).
In short, neither (i) experimental unilateral castration nor (ii) the correlational method can show conclusively whether, and to what extent, testis compensation occurs naturally in birds. We have developed a novel approach that allows the quantification of the incidence and extent of testis compensation ability within and between species, using intraspecific naturally occurring variation in testis size. This method does so independently of the species's pattern of testis (a)symmetry or side, and does not require data on male quality. Its major assumption is that the functionally optimal test(i/e)s size for a given species is the mean size of the population, provided individuals are all sampled at the peak breeding stage (see Calhim & Birkhead 2007 ). Selective forces would select for compensation when one of the testis falls bellow these thresholds. Since the relationship between testes size and daily sperm production in birds is close to 1 : 1 (e.g. de Reviers & Williams 1984; Møller 1988 ; but see Lü pold et al. 2009), it is not unreasonable to assume, as we have done here, that under natural and/or sexual selection, the optimal testes size for a given species corresponds to the mean value. Nevertheless, the proposed model (see §2) can be adapted to use different threshold values, if future studies suggest otherwise.
The aim of this paper is to test the CH in two species that differ in both testis asymmetry patterns and postcopulatory sexual selection (e.g. Birkhead et al. 1990; Dallimer & Jones 2007) : the red-billed quelea (Quelea quelea) and the zebra finch (Taeniopygia guttata).
MATERIAL AND METHODS
(a) Assessing compensation All else being equal, compensation is expected whenever one testis of the pair shows hypotrophy; in other words, when that testis is smaller than the population average size for that side, or in the most extreme case, missing altogether. If the other testis is in turn larger than expected for its respective side ( based on population average), then compensation has occurred. We defined compensation as complete if the combined size of the two gonads was equal to or greater than the population average combined testes size (sensu Domm & Juhn 1927) ; otherwise, compensation was only partial. The method used to assess whether, and to what extent, compensation occurred comprises a graphical analysis of a plot of right testis size against left testis size (figure 1).
Males in area A have each testis larger than the population average size for the respective side. By contrast, those in area B have both testes smaller than the population average. Cases of testis compensation occur in the shaded area C (C 1 and C 2 ): one testis of the pair is smaller and the other is larger than the population average for each given side. The upper and lower shaded areas refer to compensation achieved by the right or by the left gonad, respectively. Areas C 1 and C 2 to complete (i.e. combined size above the diagonal line corresponding to the population median combined size) and partial (i.e. combined size is below the latter line) compensation, respectively. The dashed lines refer to the 99 per cent confidence levels for the relationship between the left and right testis sizes (using standard major axis regression; Sokal & Rohlf 1981) and are used to differentiate considerable deviations from this relationship, which defines the normal variability in testes size within a species. Compensation incidence corresponds to the ratio of individuals in area C (showing compensation) expressed as a proportion of those individuals that ought to have shown compensation (all except those in area A). In addition, we can speculate which testis had the greater compensatory potential and conversely which side had the major functional role. The latter can be assessed as the difference between the mean deviation from the relationship (i.e. jresidualsj) within the upper and lower C areas, where compensation is achieved through the right or the left testis, respectively. According to Møller's (1994) prediction, the left testis has the major role, thus we should expect lower deviations and /or fewer cases in the lower compared with the upper C area. Bootstrap regression techniques were used to test the observed against a null scatter distribution of data points for each species (see the electronic supplementary material for full description and results of these analyses). Observed distributions were not random (see table S2 and figure S2 in the electronic supplementary material). All statistical analyses were conducted using R v. 2.3.1 (R Development Core Team 2006).
(b) Study species (i) Red-billed quelea The red-billed quelea is an agricultural pest weaver common across sub-Saharan Africa (Bruggers & Elliott 1989; Mundy & Jarvis 1989) . The birds used were captured under licence as part of a control programme in a private farm in South Africa, using standard walk-in wire traps placed next to cereal fields. Birds were humanely killed and dissected immediately afterwards. We obtained linear dimensions ( length and width) for the left and right testes and used the formula for volume of an ellipsoid to calculate an index of testis volume (e.g. Møller 1991) . Testis volume was then converted to mass using a species-specific testis density constant (Calhim & Birkhead 2007) , obtained from a subset of testes (nZ28 males) for which we had both mass and linear dimensions (testis density (meanGs.d.)Z1.086G 0.096 g cm K3 ). These testes, which had been previously fixed in 10 per cent formalin solution, were weighed (to the nearest 0.001 g) using a high-precision Mettler AT261 digital balance. Tarsus length was recorded in the field in order to obtain body-size-controlled testis size (i.e. gonadosomatic index, GSIZratio between test(i/e)s mass and tarsus length). All males were collected within a period of 4 days, at a time when breeding had started (all nests found contained partial clutches) at a known colony near the farm. Red-billed quelea are itinerant opportunistic breeders, with short duration and highly synchronous colonial breeding bouts ( Jones 1989) . Therefore, we can assume that sampling took place very close to the peak of this species's testis cycle (see Calhim & Birkhead 2007 ). However, we excluded six individuals that were clearly not in breeding condition since we were unable to obtain any sperm from the seminal glomera and both their testes were smaller than 0.084 g (equivalent to a left and right GSIZ0.46, cf. figure 2a).
(ii) Zebra finch Testis size data were obtained from a population of domesticated birds from an outbred colony established at the University of Sheffield in 1985. All birds were sexually mature and known to be in breeding condition at the time when they were humanely killed; in fact, zebra finches tend to be in constant readiness to breed in captivity and in the wild ( Farner & Serventy 1960; Sossinka 1982) . Data were collected as part of an ongoing genetic study of the natural variation in sperm traits in the species (see Birkhead et al. 2005) , and only individuals producing sperm were included (nZ118). Both testes were removed and weighed fresh using a high-precision (to the nearest 0.001 g) Mettler AT261 digital balance. GSI for this species corresponds to the ratio between test(i/e)s mass and body mass at the time of death. Figure 1 . Diagrammatic representation of the graphical approach used for determining the natural incidence and extent of testis compensation in wild birds. In a plot of right testis size against left testis size, males in area A have each testis larger than the population median size for that given side. By contrast, those in area B have both testes smaller than the population median. Any data point in the shaded area C indicates compensation: one testis is smaller, but the other is larger than the population median for the respective side. Upper and lower areas C refer to compensation achieved by the right or left gonad, respectively. For males showing compensation, if the combined size of both testes is equal or greater than the population median combined size, compensation is considered complete (area C 1 ); otherwise compensation is partial (area C 2 ). The dashed lines refer to the 99% confidence levels for the relationship between the left and right testis sizes and are used to differentiate considerable deviations from this relationship for a more conservative quantification of compensation incidence.
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3. RESULTS (a) Red-billed quelea There was no significant difference between the left and right testis sizes, as a percentage of body size or GSI (combined GSIZ1.58, left GSIZ0.79, right GSIZ0.81; Wilcoxon signed-rank test VZ11054, pZ0.0719). There was a positive association between the sizes of the left and right testes (Pearson rZ0.30, d.f.Z225, p!0.0001), with a slope not significantly different from unity (type II regression, forced through the origin: pZ0.243). Therefore, males had on average equal-sized testes. Of the total nZ232 males, 160 (68%) have at least one testis smaller than the median for the population, and therefore would be under selection for compensation. Using our criteria for compensation, 27 out of 160 (17%) males showed testis compensation, with compensation being complete in 15 (9%) males. Compensation was observed in both left (nZ15) and right (nZ12) gonads, with no difference in degree (Kolmogorov-Smirnov test, DZ0.27, pZ0.71). We also found evidence for naturally occurring extreme asymmetry (figure 2a): four individuals (approx. 2%, 4/232) had only a single testis (two males with only the right testis, the other two with only the left), and in two of these cases the single gonad compensated fully, or nearly so, for its missing partner. Left testis are 4 per cent less variable in size across males (coefficient of variation, CV, in mass: leftZ34%, rightZ38%).
(b) Zebra finch The left and right testes are positively correlated (Pearson rZ0.40, p!0.0001), but the left testis was significantly larger than the right (combined GSIZ0.31, left GSIZ0.19, right GSIZ0.12, Wilcoxon signed-rank test, VZ6553.5, p!0.0001, type II regression interceptZK0.21), confirming the previously reported left-biased testis asymmetry in this species (Birkhead et al. 1998) . Of the total nZ118 males, 82 (70%) have at least one testis smaller than the median for the population, and therefore would be under selection for compensation. Using our criteria for compensation, 14 out of 82 (17%) males showed testis compensation, of which nine (11%) achieved complete compensation. Compensation occurred in both left (nZ6) and right (nZ8) gonads, with no difference in degree (Kolmogorov-Smirnov test, DZ0.5, pZ0.30). In contrast to the results from the red-billed quelea, we found no males with a single testis in the present study (figure 2b), although a few cases of extreme asymmetry have previously been noted during the 20 years that this population has been studied (T. R. Birkhead 1985 Birkhead -2009 . Intermale variance in size of the right testis is 5 per cent higher than of the left (CV in mass: leftZ31%, rightZ36%).
DISCUSSION
Our study provides the first evidence of naturally occurring compensation in testis size in birds. In almost 20 per cent of males with at least one underdeveloped testis the other testis was larger than expected. We found no compelling evidence for the right testis to have the major role in compensation, as had been suggested by Møller (1994; see also Kimball et al. 1997) , since it shows only marginally higher intermale size variation than the left testis. Differences in the degree or incidence of compensation across species could be driven by various selection pressures and/or costs associated with compensation ability in each taxon. For instance, physiological costs of compensatory deviations might be larger under strong directional testis asymmetry. This could result in quantitatively reduced compensation in species with very asymmetric testes. Also, selection for compensatory ability is likely to be stronger in species already under selective pressure for larger testes; for instance, those taxa under intense sperm competition (e.g. promiscuous mating systems) or under high risk of sperm depletion (e.g. polygynous or lek mating systems). As a consequence, one might expect a higher incidence of compensation in these species than monogamous ones. Interpreting interspecific patterns requires more data than we had available. Nevertheless, incidence and degree of compensation was similar in the two species studied, despite differing levels of promiscuity. ability to adaptively compensate for 'developmental accidents' is likely to be important and be therefore subject to considerable (annual) selection. Our finding that testis compensation occurs in the zebra finch, despite no marked annual testis cycle (Farner & Serventy 1960; Sossinka 1982) , suggests that the adaptive value of testis compensation is high irrespective of breeding seasonality. The strength of selection for compensation is best illustrated by the existence of males that naturally have only one testis. Although the frequency of such individuals was low in redbilled quelea (2%, 4/229) and even lower in the zebra finch (see above), data from other passerines suggest that this extreme scenario might be more frequent than previously thought (e.g. 7% (2/29) in the yellow-headed blackbird, Xanthocephalus xanthocephalus; S. Lü pold 2007, personal observation). In all these cases, the single testis was larger than expected for its side, regardless of whether it achieved full compensation. The physiological costs associated with having a single but much larger testis in a species where two gonads are expected is unknown. Histological analyses of hyper-and hypotrophic testis could prove fruitful. The fact that these cases are not uncommon, however, is in itself a strong indication of the selective pressure for adaptive compensatory potential of the avian testis.
(b) Male quality, revisited Møller's (1994) study used the CH as an a posteriori interpretation for a positive relationship between male quality and degree of absolute testis asymmetry: low-quality males had more similar-sized testes because the normally larger left testis failed to develop properly in these individuals, and the smaller right testis (the back-up gonad) grew more than expected for its side to compensate. Our approach to the CH allows a more apposite test of the intraspecific relationship between male quality and testis compensation, since it allows a quantitative assessment of degree of compensation irrespective of species (a)symmetry. Unfortunately, we do not have reliable male quality data to conduct such analyses with the current sample. Nonetheless, we might predict that male quality measures should follow hierarchically with respect to the areas demarcated in figure 1 as AOC 1 OC 2 OB, provided the following four assumptions are met: (i) only males in reproductive condition are included in the analysis, (ii) the male quality traits used provide a reliable measure of reproductive fitness, (iii) individual reproductive fitness is strongly associated with relative testis size (e.g. no strong trade-off between sperm number and quality), and (iv) no confounds of alternative mating strategies. For instance, a male showing testis compensatory growth might be expected to be of higher quality than another male that did not, when both males have the same, but still lower than average, combined testes size; without reference to the CH, these two individuals would be considered of equally low quality. Furthermore, the use of the (vertical axis) residual values from the (type II ) regression would allow an assessment of an individual's degree of compensation.
(c) Final conclusions Using a novel quantitative approach that can be applied to any bilateral organ or structure, we have shown that testis compensation occurs naturally in birds and that it can be complete when one testis fails to develop. Selection for the ability to compensate is likely to be widespread and adaptive in any taxa where (i) space constraints create an evolutionary trade-off between natural and sexual selection forces on internal body arrangement and (ii) there is a recurrent risk of impaired testis growth due to seasonal cycles of gonad growth and regression. Compensation ability therefore adds an important, but so far neglected, dimension to a key issue in intraspecific sexual selection studies: the use of testes size as a measure of male reproductive investment. Since testis compensation is achieved through deviations from a species's naturally selected testis (a)symmetry pattern, and since these deviations are likely to be physiologically costly, whether and the degree to which it is achieved may therefore reflect male quality. By combining overall testes size with compensation ability, our study provides a framework that allows for a more thorough assessment of male reproductive investment.
